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PREFACE 


This thesia is intended to familiarise the reader with the 
elomentary principles of the traveling-wave tube and the essociated 
prohlens, The scoops will be confined to the use of a helix type 
slow wave circuit structure, Frimary concorn is higher gain with 
Low addad losses without oscillations. Conventional tubes commonly 
being used at presont are discussed. A principle for the design of 
a now tube is proposed with theoretical possibilities and experimental 
measurements performed on a representative tubo embodying this prin- 
ciple. | 

Appreciation isa expressed to Dr. S. F. Kaiseal of Stanford Univyer= 
sity who supervised the design and contributed valuable guidance. 
H. F. Poulter, of Stanford University Electronic Research Laboratory, 
was directly in charge of the physical construction and measurements, 
le aided imvensely in many instances with tho benefit of his personal 
expericnce with traveling-wave tubes. Much credit is also due to the 
mon in the machine shop and tube department. Through their untiring 
efforts the tubes necessary to carry out the experimental work were 
fabricated, 
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IYTRODUCTION 


in 1942 Rudolf Kornpfner began work on a method to overcore the 
aifficulties of a kiystron opereted as a hich sensitivity amplifier at 
recrowave frequencies, The chief difficulty which he sought to over= 
com3 was the transit time of electrons crossing the "worlding gap." It 
is by means of interaction with the electric Mold of the gap that the 
electron stream is energy modulated and elso the amplified energy is 
recovered. Tho basic thought occurred that the energy transfer could 
perhaps be better effected if the electric fleld were travoling at approx-= 
imatoly the sam rate as the olcectron strean, 

With this in mind, Kompfner constructed a structure to slow the 
electrouzmetic wave to velocitiscs corresponding to a reasonable ascelora-~ 
ted beam valtage electron speed. He constructed a coaxial line with the 
Immer conductor being a helix of such a pitch that the wave travoling 
around the helix at appracinately the speed of light advanced axially 
at approximately the spsed of the electron beam, With an experimental 
medel he discovered that amplification resulted with a signal impressed 
on the helix and an electron stream projected down ths axis, The alec= 
tron stream velocity had to be properly adjusted or no gain was observed. 
le decided it was practical to use one length of halical line as a buncher 
and eatcher combined. Thus a now tubs, the traveling-wave tube, was con= 


OGLVCG « (t ) 


The corventional traveling-wave tube of today is construce~ 
ved en the principle he discovered, with only minor improverents and 


modifications. 





From this beginning, the traveling-wave tube was the subject of 
mich work, study, and development. It was found to have epplication to 
amplification at microwave frequencies where use of conventional elec= 
tren tubes was impractical, It was also found to produce gain ovor a 
very largo bandridth. A Lator discussion will expound the bandwidth 
characteristics. It my be compared to other high frequency amplifiers, 
the Klystron and triode representing tho best convontional tubes. (16) 
Both have the same fundamentel limitations as to bandwidth capability. 
Ag the band is broadened at any frequency, tho gain is decroased. There 
wxices for any given tuos a bandwidth beyond which no gain is availahle. 
This is dus to ths signal boing applied by moons of som sort of resonant 
circuit 2ceresa the capacitance at the input of the tubs, In the traveling= 
wave tube this Lindtation is cvercom complotely. There is no input capa-= 
citance nor any resonant circuit, Tho tube is sesentially a trensmiscion 
linc with a nogative attenuation in tho forward direction, The bandwidth 
can be Limited by transduesre comecting the circult of tho tube to the 
suexce ond load, This will be sposificaiiy discussed later, The tubo clzo 
will havo a change of gain with frequency, but this muy be contrailed > 
proper design. Thus, in a traveling-wave tubs amplification is achlev= 
able at very higher frequencies and over extremely wide bandwidths. (26) 

Conventional traveling-wave tubss are plagued by internal foedback 
as aro other high gain amplifiers, This prohlem will be the primary con= 
corn of this thesis, Conventicnil type tubes which are currently being 
built aro discussed and their characteristics, design parameters, per= 


formance, and Limitations are treated. Present methods of oscillation 





Capprossion will be discussed. én alternative method of preventing 
opclllations is proposed with substantiating experimental data obtained 
Iron a ronresentative structure incorporating the principle, The ad= 
ventages of Lower power dissipation, higher forward gain, and lowered 
susceptibility to radical variations in individual tubes are pointed out. 
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“THECRETICAL DESIGN CONSIDERATIONS IN CONVENTIONL TUBCS 


Ll. General deseription of conventional traveling-wave tubes, (16) (7) 
Referring to figure I, the basic components of a representative 
tube may be sce. Such a tube may bo designed to operate with 20 to 
20,000 valts accelerating bean voltae at frequencies from 50 mecacycloes 
to 100,000 negacyelea. Tho input weve is transferred from tho coaxial 
Load to the helix by moans of 2a matching coupler and a ghort pick=—p 
nleatinun antenna, 4 malyodcnwn sleeve is fitted at tho base of the nlati- 
num enterma for anchoring purposes, Similarly, the antenna at the output 
end rediates the amplified onsrgy fram the helix, The mtching counler is 
exployed to effect the transfor of tho energy output to a coaxial Line, 
The olectron gun is used to preduce the eLectron stream which provides 
the sourco of cnergy similar to the nlate supply in a conventional tube. 
The bean travels faster than the signal on the helix and imparts energy 
throush interaction in being slowed dow throushout the length of the hoalix,. 
The callector is used to terminate tho electron stream, The holix is used 
to slow the signal wave prosression to eppraxcimtely the speed of the beam. 
Tt 1121 bo noted that the gun anode, helix, and scallector are ali ata 
positive potential with respeot to the cathods ,b°? A means for Tocuscing 
the beem is not shom, Using a parallel flow gun, a larco coil conducting 
curmsent, sour with the acls coincident with the tubs, provides mpuctie 
fooussing. Dus to increasing requiremnts, the higher powered tubes use 


Q. 
Erillewin flow gums with resultant smaller focussing power and coils. 5) 
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Amother very vital part of the tube not indicstcd in tho figure 


~ one 


Le 


is internal loss. Hich gains are exporionced in the forward direction 
of the helix through interaction with the beam, Unless a noarly perfect 


natch exiges at the output coupler, tho reflected wave alongs the heli 
will return to the input end in sufficient mpnitude to sustain oscillae 
tions, If the tubo is to be used as an amplifier, this feedback mst be 
rminbetzed, In conventional tubes a number of methods are in use, most 
povuLar of which is the addition of suitably shaped strips of aquadag on 
the interior or exterior of the envelope aleng the nerix , °° Aquadag 
is a Lossy conductor which when placod in an electric field has induced 
current flow. Energy is dlosinpated in the forn of TR Losses, The prin= 
cinlo objections to this are reduction of gain in the forwerd direction, 
reduction of efficiency, heat dissipation reyuired, and the wpredicta= 


bibity of the amount of Loss introduced, The optinnm thiclmess of aquadag 


for Losa introductiion is inversely proportional to ths distance from the 
3.6 ‘ , 
holier and euite exitical ) the conducting propertics of aquadag chsnre 


radically when subjected to heat such as occurs in final processes in tube 
fabricctien., in the yacuum r. £, heating and outgassing, processes , the 
propor Losses am mupasurec previously may charige greatly. Thus tho tubs may 
coms out with excessive Loss resulting in Low output gain. Conversely, 
the loss my deczsease radically, resulting in a tube which is comlotely 
useless, 

A mauber of attempts to subject the properties of a helix to quanti«~ 
+ have been mide, (7) (36) G0)A7) G8) 


tative Sormmlatica Lany variables 


are involved and thse interacticn phenemene is quite camiex. In order to 
have & theory simnle enough to bo useful, numerous simplifying essumoticns 


ist bo made, “ld treatronts make more or less restrictive assumptions 


2 





and obtain rosults which, though dciffercnt in foram, agree falrly well 
in predicted performances for any given set of paramtors,. In som cases, 
expirical formulation of experincnial results is emloyed, Although 
nomosraphs, graphs, and equations exist in e great variety of fcrnus, (ds) 
no Singlo standardized theory 1s cecepted as expleining completely the 
action occurring, The bulk of offort in enalysis has beon concentrated 
on a emoll signal thoory, A fairly satisfactory and reasonehle for= 
mulation has beon accomplished by a muubor of men working in the field, 
In gonorel, no larze signal theory has becn promulgated, 
2, Dascucsicn of elootric ficld and nim <_< 
Considerable work has boon dene to dotermins the configuration of 
the ficld ascoctated with a helix, Most important is the magnitude of E 
which acts upon tho eloctren stream, This 13 normelly the longitudinal 
i on the axis of the helix for a solid small diaxeter beam, In large dia= 
mater holicss a hollow beam may bo employed, but for simplicity's sala, 
vily the former cace will be considered. The ratio of the scusre of the 
electric field to powor flow hag been evaluated by physiccl masureronts 
oven when it could not be calculated, C. C. GQitler did this by allow 
ing the power from a waveguide to flew into a terminated helix, so that 


(3) 


the powsr in the holix was the sare as in tho waveguide. ue then com 
pared the ficld in the helix with the ficld in tho waveguide by crobe seasuree 
mints, Tho Licld strongth in the wavesuide could be calculated in teornms of 
power flow, Therefore, the field in the helix could be determined by ccm 
oarisen for a givea power flow, The primry requirements of tha S field 


fous amplification interaction with the beam is that thors bo longitudinal 
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coupsment along tne axis, Cutler's plot of exporimontal measurements 
of relctive field strongeh confirucd the presonce of such a component in 
tubes which functionsd as amplifiors, The magnitude of the E field on 
ths exis é@ obtained by compmitation and oxperimental masurenent is a 


: (2) 


function of frequoncy, bolng stronger for Lower frequency. 


wD 


The fLeld on the outsids of a helix iz also of antorest, although 
for a differont reason. At low frequoncies ths Melds extend a greater 
Gistance outsides tho hoiix, This makes the puppress= on of Low frequenoy 
oscillations feasible by the introduction of 2 oollar of Lossy coranie 
around the tube, By proper distances locaticn this ceramic muy be quite 
effective on troublesome low frequencies, and not mterially affect the 
highor freaucneles in the dicisned bard pass, (16) 
Similer to a weve goidco, a nolix is capable of supporting many 

modese Tne modes with which travelingwmvo tubss are conccrnsd are the 


(13) 


Uransmisulon modes. References to ficure Di shows the appracimate 


insvantanecus charge distributicn on helices for the simple modes. The 
Lowest transmission mods has adjacant regions of positive and negative 
charge ssparated by many turns. This modo is readily applicable to the 
cravelLinc-wave tube sinee the adjacent regions of positive end negative 
shares are separated by an appreciable atial distances, giving rise to a 
substantial longitudinal E Meld component parallel to the exis at the 
eontexy of the helix, The requirements as to spacing and circunference 
relationships are shorm in figure IIT. 
O23 thing which nearly all. small signal analyses bring out is the 


2)(5 L 3} 
presence of four waves to explain the resulting yiansaihh 2) ) 7) GE) 





Yré@na a study of Latlace teomeforms 1 as locem thet too cbroutt clemnig 
cach os L (ant/ort!) and 6 powcls in & seecnt Ceres saucttion, Tho bors 
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Tos I's and K'g are modified function of eargumnt7a. The dashed line on 


figure IV is a plot of —- vs 7a. For Largo values of Ta 


K th aly ~— ae C ce) 
AF 7G 


SO, using 4 longitudinal valtage, another impedance my be defined. 


Since 
then 
Pp 
—) 


1 tum 
as 


the impedanee parameter my is tries the longitudinel impedance. 
B 


The transverse voltage V, is greater than the longitudinal voltage 
V; because of the circumforential magnotie flu outside the helix. For 
clow waves, Vy « V.. Then tho circumferential mgnetic flux is small com 
pared with Longitudinal flux inside of helix. For very fast waves, longi- 
tudinal voltege becomes smell compared with the transverse voltage. 
io  Gean and ba arndwius vh considerations. a7) Nee) 

Gain and bandwidth are so closely related that they will be discussed 
hore in conjunction. Many of the varicblos and physically contrailable 
aosimm parameters are closely related to both, In designing « tube it is 
mponerally necessary to carmmromise for best cazbined results rather than 
optimining ome and allewing the other to suffer. 

Certain relationships, elthough basic, are stated here for sake of 


wre, 


glerity 





bub for v <co pB=T 

Originally it was balleved that a highly desirable circuit property 

ior wide bandiidth was constancy of phase velocity, v, with frequency, 
In order to progucs gain, the circuit phase velocity mast be near the 

electrea stroam velocity. Efforts in design were constantly towerd 

minimising the deviation of v with frequency, This resulted in large 

values of ra, tho product of the propagation eonstant, T, end the helix 
radius, a. Using this critericn, ccnsiderable difficulty was experien= 
ed in obtaining high gain, i. o., in excess of 20 db. without a great 
deal of ogcillation at frequencies remoto from the designed center free 


quency. It nas thon discovered that by using a small value of Ta, high 


gain with a narrow bandwidth and freedom from remote frequency oscilla=- 
¢ 
' (12) C 
tion could be achieved. The emall values of Ta wero clessificd as 


dispersive. There is no sharply defined lins dividing dispersive from 


nondispersive holices, Robinson and Kempfner establishod a criterion of 


2 1 
Ta # A, ~ $ ne”. (12) 


(19) 


Rebinsen in a separate article set this boundary at Dele A dis- 





persive helix is characterized by tho velocity of the wave supported 


yorying rapidly with frequency. Since 








then 


— f (27 38) 


Ta 

It can be readily seen that for emll values of ra, v will cepart 

froa v contor frequency more rapidly than it would for larre values 

of a for a given value of a. Use is mado of the dispersive property 

%o restrict the electronic bandwidth, i. e., the bandvidth over which 
velocities are compatible for beam wave intoraction to occur, By use 

of this design, the bandrridth is restricted to a dogree which it is 
easily possihle to produce couplers having a very low reflection coef- 
ficiont, Thus osolillation tendency is reduced within the desired band 

as woll, as outside. The sacrifice in bandwidth can bs as large or small 
ag desired. This design allowed the construction of 2a 3000 mgacycle 
tube, 1600 volt beam voltage with a bandwidth of 200 mgacycles and stable 
goin of 25 db. Thus it was possible, dua to the narrow band and good 
matching couplers (over such a narrow band) to use only tho insertion 
loss of the wire in the helix, soma 12 db., and obtain stable gain as great 


(19) this tube, however, lacks the flexibility of operating 


as 30 db. 
over & wide range oer being used for broadband work, Also, attempte to 
achisvs higher gein would require better counlers or added lossos. 

Figure V is an approximte frequency-gain characteristic plot for speci- 
fic valuss, indicating the rapid deciease of gain off center frequency in 
the dispersive region, Figure VI is a sinilar plot indicating the exis- 
tence of a ra in the dispersive rgion which gives mximum flatness for a 
symptrical band of frequencies, Another important advantage of the dis- 
persivo travcling=svave tube is that the beam current required to obtain a 
given gain 4s reduoed. As a result tubes in the dispersive region are 


mick loss noisy. 
al. 





Another interaction circuit for which phase volocity of the growing 
weve is mado to coincide with the beam velocity over a narrow frequency 
vange only is created by the use of ean external "filter helix," (5) A 
circult of the type desired, wherein phase valocity is fairly uniform over 
a narsow frequency band and changes rapidly cutside this band, behaves 
Liks a band pass filter, The uniform helix is in genoral a wide band 
structures, An iterated filtor network with repetitive impedance discontinui~ 
ties is a narrow bam circuit. aking use of a nondispersive helix with an 
extorneal surrounding helix containing such discontinuities as sudden changes 
in pitch, a narrow band atructure may be constructed in which the band pass 
region may be shifted by changing the filter helix, This appears highly 
dssirable as it increases tho flexibility of a single tube, The provess of 
ghanping filter helices misht entail retuning and adjustment of beam vale 
tacse In goneral it would bo still more desirable if a tube could be 
produced with a wide bandwidth in which oscillations did net occur and 
artificial losses were not required. This principle makes the narrow band 
oreretion more flexible than resort to dispersive helices. 

Now let us sve how gain can be computed, A number of graphs, para- 
meters and eppreximations are busted.” (7) 6) Tho most univorsally 
used equation is 

GeA + BON 
BOY is the goin which a tube nctiha havd essuming only the increasing weve 
prosont and the beam already in a bunched condition at the beginning of the 
helix, Ais a constant nogative quantity calculated to be -9.54 db. It 


is largely to compensate for tho gain not obtained at tho first part of 


12 





tho helix while the beam is being bunched. B 1s taken as 47.3 with no 


Loss and ignoring space chargs effects. Now 


¢* (Sr) Ge) 
8 Oo 
The clecuit part of ¢ is measured by the cube root of an impedanco, 


— hich relates the poak E acting on the clectron stream, the phase 
constant, and the power flow, e is a moasure of circuit goodness 
as for es gain is concoried. To obtain high gain, it 4s desirable to have 
@ circuit with a high impedance paramter, It is also desirable to have 
a hich beam admittance, 7. « Yor a givon helix o> 3 is epproxi~ 


° 
mately proportional to F (va) which empirically is approximately 
mb wT ’ 
Tae “eee Pa, 
Since 
pI 
Ta = 7 


F(ra) decreases as frequency increases. Physically this is because at 
high frequencies (short weve lengths) for which the sign of the field alter 
nates repidly with distance, the field is strong near the helix but falls 
off rapidly away from the helix. Hence, the ficld to interact with the 
beam is weak at the exis because of the more rapidly curved path of the = 
Lines for short wave lengths. The charge distribution in figure ITI can 
be visualized as boing compressed axially, so that E does not protrude 
ee fax toward the axis. Tho & fleld strength at the helix curfeco do- 
croases with frequency also. At very high frequoncies the field falls oft 
away from tho holix appreximtcly as ,-T4yr where 4 r is distance from the 
helix, ifdx is infinitesimily small, with T being directly proportional 
13 





to f{recucncy, it can bs acon that the electric field strength iz pro- 
portional to o~ f Ard « Tharefore, EB becoms weaker at the boundary 
with higher froqmuoneles and decays more rapidly te:mrd the exis. N is 
the munbor of wave lengths along the axis « it is directly proporticrnal 
to frequency since, at higher fremencies, A, boconee shortor, making N 
ijnerease with frequency. 

A suaaury of this should point up the reasons for the dinherent 
broad band characteristios of a traveling wave tubs te) As pliase 
voLocity deviates from electron velocity the interaction 1s not as strong, 
thus tonding te decrease gain both above and below centor frequency. The 
allowable range of valocity deviation at which gain cen be realized ia 


of the order of 


AG~ & oe, 


thus, the allowable difference botroen the phase volocity of the cireuwilt 
and the valoelty of the electrons increases as circnit imedance and bean 
curremt are increased for 2 fixed beam voltage. Tho gain is proportional 
to F (7a) N. WN increases with frequency wile F (72) decreases with fre= 
quency, dus to weaker E on axis, Theos two factors, the £ field becom 
woiker at the axis decreasing 0, and the munber of wave lencths increasing, 
tend to balance each other and extend the bandwidth, Thus, traveling-nave 
tubes are inhersntiy broad band devices. 
5.  Boam voltage considerations. 

The choice of Vos the beam eccotlerating potential is quite important. 
It is very closely related to the length of the helix, gain, focussing 
power required, and power capability, To demonstrate the sealationship, 
representative or cpbimim valucs aro assigned to TR, b/a and fo. The 


oornter frequency of 3000 meacycies is chosen bocauss problems at this 


Ls, 





frequency axe representative of a wide band extending domward to 


500 megacycles and upward to 45000 megacyclee. A ratio of 


is salected. This is a practical figure, boing lerge enough to obtain 
sufficiont power in tho bean, yot not so large as to make helix curront 
excessive. Tho value of 1.6 is assigmed Ta. Tho constant,7, is ine 
vorsely proportional to V i Thus the helix redius, a, must be directly 
proportional to ve to muintain a Ga veut, The value of 1.8 represonts 
aprttimuntell the best gain-frequency characteristles, Computations 
indicate this value gives tho teeciatin syometrical flatness. | 





Be Determinetion of B rauss required for Brillouin Flow as a function 


of Vo 
Using the constants as selected and two grapis, i. «., figure Vil 
"Boam Current vs Eeam Veltare with Perveance, K, as a Parameter and Con= 
stant Beam Power Contours" and figure VIII "Legnotic Field for Brillouin 
Flow with Perveance K ag a Paremter", the values of Byaus;can be detere 
mined. Representative values of Zs LO, 25, 50, 100, 500, 1000, 5000 yatts 
pean ae are used. Using fissure VIT, the Boam Valtage, Voo exd Poryeanses 
"are recorded far a fixed power. Then using this V, and K, the product Bi, 
where d is diamter of bean, is obtained fran figure VIII. The value of 


d is computed. Since 


a + sy, - 
Tas v ua = _& ce TOC 
ge SERA 6. Bt 
id f 
V.*«¢ Vee oc: 
° ee Vo v5 
Leo Vo &, 
& helix be "50.60/o7 | 1 it (005676 
_ . 
= of d#2b 
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Wath the lnown dianter of beam, By,,..1is aetermined by dividing the Ad 
as detormined gramhically by dad as computed. 

It is also possikls to formilate mathsmatically the Baus DOQUIDET 
ee Begimning with 


B pause ™ 


a . 10” , Pg = Ip Vo 
T Tye 


Substituting, . ia 
‘ samo at aac try! 1660 x 10 Py” 

gauss = {000795 Voz SS OS Vo’ 

Thus for fixed Px, B«1/V 7 » it is apparent from this, and also fron 
eurves, figures VI and VII, that for low Brus, values of V, should be 
as high as practicahle. MThysically this signifies that a woak highly 
accelorated beam is most easily focussed, For a plot of B Bws¥8 Vy with 
constant Pp, and K contours for constants selected, ses figure IX. 


be. Datermination of reocuired Lleneth as function of cain, beam valtare 





perveance and power 
Now it is desired to find how the power, perveance, and boam valtage 


affect tho required length of the tubo. As previously, 
Gel + BO 

In this equetion, experiment and tneory indicate that A, the db loss m= 
quired to bunch the beam is the order of 10 db, A value of 25 is chosen 
for tho constant B, Pierce predicted B «= 47.3 for no loss or space charge. 
However, if an average amomt of loss is added to decrease the oscillation 
tendency, and space charge is accounted for, the value of B decreases to 
a representative figure of 25. Of course, this can be varied by the | 


anomit of losses introduced. 
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hs 


—~2 \3 8 h, s 4 
(=) - (5 (5 [Fira) - Correction factor for Solid Doan | 
ize Bo) IB 
There are a nwiber of other methods of formilating the F (7a) X 
— Boom pat all lead to appracimtely sinilar numrical 


Correction Factor 
vesults, The graphs in Pierce's book, "Traveling=‘iave Tubes," are used 


in this methed, 6) 

Also, 

Q re) TT 

., @ 43 — vr 

Bo ~ 3 * L for v<<6 


F(ra) = 2,3 
Graphs by Pierce 
Said beam corr. factor = i g2 


(Ez ~ (s)' (2) (2-3) (1.2) «= es > at 
P 


Vv | Vs 


C (G-)' Jo " ee 6 
e*p/ (eV a 


sil fc a Boo 
A; Av £0 Va 





< 





Gu al0+25xu be? = £9.67 
.* Vo 4a 

(G + 10) (Vo) (G #10) Vo 

25xiix 50eEL SS "43900 i 
Now, by assigning values to gain in db and using values of I, and Vy as eb- 
tained from figures Vil and Viti, i can readily be computed. To obtain a 
short 1, it is desirable to have a Large I, and small V o° Thess oonditions 
aro met when perveancs is high (power fixed) and beam voltage low, giving 
high current density, That alow V, is desirable to obtain emai 1 can 





further bo demonstrated by substituting for I ¥ 


| a Oli YZ iv 3 
P & os @) 
B 





For a plot of 1 vs Vy with ecnotent Pp, and K contours for the constants 
selected, see figure X,. 


Cc. Ontinum lensth-Roecussine rower conditions 


The conclusions of (a) end (b) estahlish opnesing trends of V, for 
e. 


However, for amall ¢ , Low V, is required. Thus it might be expected that a 


ws 1. For a fixed power, the Larger V5 the smalior Byaws required. 


proper choice of V ‘s and K for a fixed paser would yicld minimim combined 


Beanend Voe However, since BU, ~ NI, with fixed WN, B, ad I; R= alll 3 


therefore re — and also Bo T wet Using as a exriterion the product 
of magnetic power required and the helix length, by substituting it is seen 
thet 





This indicatee if focussing field power and length ecnsiderations 
axe of equal Laportanecs, thet the mecicom possible avallable veltege should 
bo used. A plot of Ee ocyth vo a. chewing constant Pp and K contours, is 
prcsentod in fugure ZI, | 
6. Powor output and officioney.6 > 
When on electron bean is shot. threugh the helix, the eclectrons are 
accolerated or docalerated by the field of the wave . ecpecieily the Lonci- 


tudinal & ficia, As a result tho boanm clectrons will be bunched, Bacauss , 


of the bunching action, thors will be, in tim, more clectrons decelerated 





than those accolorated over any cross section or vice verse. As a ro= 
sult there will be a new transfer of energy from the beam to the wave, 
or from the wave to the boam, During amplification the electron beam 
behaves lilo a generator with negative conductance, supplying power to 
the fields through a net loss of kinetic energy by the electrons, 

As long ag the discussion is limited to low level r. f. power 
throughout the tube, the assumption of a constent electron velocity a, 
is valid, The enorsy transferred from the electron beam to the r, f, 
field will be a neglisible fraction of the een lainetis energy of the 

Electrons. the electron beam initially moves at a higher velocity than 
the interacting wave, As the individual electron prorresses along the 
tubs iv Loses more energy in deceleration than in acceleration. The 
average electron volocity will decrease slovily at the beginning bub will 
decrease rapidly toward the end since r. f, powr level increasos ex= 
ponentiolly. Assuming a long lossless helix, maximum energy exchange 
eccurs if the beam enters swith 2 velocity Ye corresponding te the upper 


end of amplification range and leaves with velocity ‘b, corresponding to 





the Lower end of interaction rangs, Maximum efficiency of energy con= 
version is . 2 a 
Va ~~ gt 
Ese ™ B) : 
v 
a 


For a typical tube the upper limit is from 10% to asa, 2) 


4 theoretical evaluation of paver output requires a theory of the 
noneLinear behavior of the tube, At the present tims the power capa= 
bilities and officiencies attainable in practice Leave considerable to 


be desired. One thing appears clear from both theory and experinent; 


L9 





the gain paramter C is important in determining efficiency. it wes 
previously seen thet Va and “b wore dependent upen C. Mexia efficiency 
is proportional to 0 by ea rfactor k witich veries £5 valocity parameter 
De Ronee 


For an electron veloclty equai to unperturbed weve, efficiency is equal 
to 3C, Thus if 0 ig 225, fficiency is 7576 tina if C is increased 
to .., whrich is physically attainsbdle, efficiency should equal 304, 2° 
Expsrimntal efficiencies are found to be very low, Three reasons 
may explain the cause of lovered efficiency, Firct, smell nonuniformities 
in wave propagation set up new wave components rhicn extract energy from 
the increasing wave, Tho cxcitation of parasitic modes Lowers power out= 
put, Second, theoretical assumption that the aes field is constant on 
oll electrons in the beam does not hald, Hlectrons more remote from 
the helix are acted upon iess favorably by the © field. Third, conventional 
tubas have e central lessy section followed by a relatively short output 
section. Such tubas may be cverloaded so severely in the lossy section 
that 2a high level in tho output section is never attained. There is not 
enough length of loss free circuit to provide sufficient gain so thet 
the signal can bulid up to moxcimum amplitude from a low level increasing 
weve. Obthor tubes with distributed loss suffer because the loss cuts 
down the efficiency. | 
if at a given frequency, I , ig increased, Vo held constant, both 
input power and efficiency should increase. Since © varies as Ne oy 


a . 4 ¥ 
changing current alone, Py~I,*. Also, at a given voltage, current, 
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end C, the efficiency increases ag the diametor of helix is docreased. 
llowevor, as the helix dinmeter is mado smaller, it is nocessary to de= 
ercase I, and optima gain occurs at higher frequencies. 
the helisc was at one time bolieved not to be adaptable to large 
power outputs. Instead, periodic structures, such as baffle loaced coax= 
iol structures, which conducted heat better than the helix vere studied.” (9) 
Neowever, holix type tubes are boing built with increasingly higher powers 
in both the pulsed and cw outputs. The heat di sedative properties of 
the elas are being worked on to limprove the power capabilitics. 

7. Cold Loss vecuired in conventional nee) 
Fundamontally, artificial attenuation is required in helisc type 
vravoling-weve tubss because of the difficulty in securing reflectionless 
helix terminations over the extremaly wide amplification band of this type 
oz tube if the ais large. It is generally assumed that, at some point 
in the helix emnlification band, nearly complete reflection will occur at 

beth counlérs. To Drevent reti@ctions from sSeulting in regenerativs ce~ 


iLlations, such devices es dispersive nelices and filter holices aro ree 


Q 


sorted to. They limit the amolifieation band end simplify the couples 
requiremcnts. However, with sufficiently high gain, due to coupler lini-g 
tations (coefficient of reflection being too high) oscillations again be-= 
coms of concern. Likewise, with nominal gains in broad band helices, aince 
compromise of higher coupler coefficient of reflection nas boon mado in 
exchanse for wider bandwidth, oscillations are a problem both within the 
cicigmed band pass and outside whers amplification, though decreased, still 
exists (a9 volocity is still compatiblo with beam velocity) but a vory 


hich courler coefficient of reflection axists, 
GA i 
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To prevent vefliections from reaulting in regeneretive eseilie~ 
tions, attenuation is introduced, In euenoral, attenuation is intro- 
Guced that exeeeds the not sain of the tube. This condition is foumd 
to automatically prevent oscillations at any other frequency for which 
terminal reflections aro Larse becauso Lowered forward amnlification 
generally accampanies departure from designed center frequency, 

the aubject of added loss amd the effect upon output gain should 
be considered in more detail. First consider the criteria for os- 


ciliction. Tho incident signal will bs amplified in the forward direc- 


tion by an amount of G, This is the G fram the equation 
Gast BOY 


The G is the actual amplification realized 1. ©., voltage output/ral- 
tare input, The B to be substituted in the equation is approximtely 
25 as found experinentally by z2in masuranents on stable tubes, For 
oscillations to occur (refer to figurs XII) the signal starts at (1), 
is inereased by G in the forward direction and at (2) a fraction of 
this is reflected, The signal ig diminished by L in the reverse 
direction and reflectod again at (1). If the overall gain of this 
Loop is unity or greater, oscillations will eccur,. 

fs an lliustratiyve examnle answno that i SWR of 2.0 exists at both 
taput and cutput couplers. This can be achieved with Little difficulty 
over a wide band. New, 
2. oo 5 


Sun oie 


L =~ ke 





2(L = ke)= (1 + ke) 
Bh 
Assum a forward pain of 40 db io desired. This is equivalent toa 


ks = 


aa 





TolLtarcs gin of'2.00, 


-_ 


rlcnco, 
100 x-a-xLx al 
2 3 
ew wens 0,00 
L i ; 
L db = -21 cb 
ox 


RO - 9.564 - 9.96 0 
iL @-2 db 


, . u 
(9.56 loss equiv, ke = = ) 


Fleures XIX{I(a) and (%) are curves plotted for an inmt SIR of 1.5 and 
2.0 regrvectively with variable output SIR and constant G contours. 
Just how mich dees this 21 db of cold loss reduce the gain? By 
direst substitution 
G=«=A + B(CN) = 40 db 
CN m 2 
w 10 + 47.3{2) = &.6 db 


oe cold lose 


This wovld indicate that the gain actually realized is 4.6 dob less 
tnon that theorstically passible, This figure is e trifle high, indi-~ 
cating that the theoretical grin is too high. Sams ef this can be 
otiribused to space charge effects which are not accounted for in theory. 
the rost is due to other simnlifying assuuptions or imperfections in 
actual helices not considered in thsorvy, 

The cald Loss does not subtract directly from the theoretical gain, 
ati practice a cald Loss anproximstely equ. to or greater than the de= 


sired output gain is added, Depending upon dosign, the gain of the 


<3 





(15) 


increasing wave ico redueed fram 1/3 +0 1/2 of the cold less. Thus, 
if it is desired to produce a tube with an output gain ef 40 it would 


im necessary to design a tube with 60 db gain and 40 db of cald loss 
addsq,. tall of the 40 db subtracts from tho saan achiovahle without 
cold Loss. ‘hones, if in adding the cold Llosa too much loss is added, 
say an oxtra LO db, the output would be reducea by 5 do. 

In a previous section cn Cisrersive heliccs it was stated that a 
tube of 30 db gain with no other loss than that of tho wire (12 db) had 
been devised. *?? This tubo was highly dispersive and dogs afford an 
answor to added ccld Loss, ilowsver, this payer is peimerily conesrned 
with mediun dispersive tubes naving « band width ef et least 50% center 


fyoquency rather than the highly dispersive type having 2 105 band 


width. 
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lL. Generel description with digcussion of principles, 

the prancipls suggested is meses explained by reference to Ligure 
AIY. Instead of using a single — of helix ac ooth "bunchcr" and 
Koatcher" as Komefinar decided to do, divide ths helix, Use the first 
scetion for a buncher, torminate this sectian and dissipate the signal at 
the end of the helix, Use the modulated bean to convey tho intelligences 
to the second section of ths helix, Obtain isclatieca betwoon the two 
socticns by an open circuit. Thies well decrease the tendency to oscillate 
gince tho pain for elther socticon will not be as gproat es a similar undi~ 
witied tubo, Henee, the counler noad not be as perfect as recuired by a 
comyerticnal tube. Or, talcing a different viow, the feedback path is re- 
zuecd. The second esction of the helix is eiso terminated at the junction 
with the first section. This will ebsorbs energy reflected from the out 
put courler, further decreasing cecilletions. 

The adyanvages of such a precodure are evident. First, higher asin 
should be realised fron a tubss of given iencth. Less dissipation showld be 
necessary since now thie osclilabicn is materially reduced by the division 
of gatmn. Finally, the emcunt of Lloes incorporated in the termination may 
be allowed to vary over wide linits. The only limitation ids that it re- 
main grcat enough to absorb the energy in the first section and the re- 
Movtsd encrey in the second section. 

rirst, lot us see how mich inereass in gain can be realised. fierce 
calculaves ths Loss incurred by sovering a helix with near zero separation | 


to be -3.52 ais, 2) This is lost because no & field ig present for bean 





iveraction until the beam induees a signel on the helix egain. Tacrefore, 
hs increase in cain of a conventional tube would be (gold Lose = 3452) cb, 

wnich in an averarc 30 db gain tubo would amount to 12 db. 

The power dissipation in ¢ccld lecs in a conventional tube will now 
be appreximeated., Por example, assume a powor cutpub of 1 watt, rain of 
39 db. Since the cald loss is half effective on the forward gain, a gain 
of 145 db would have been realized without it, giving a total output of 1.75 
ywouts, Vhether or not the added lose dissipates .75 watts or a lesser 
figure ig not certain but expsrimental evidence indicates a substantial 
amount is dissipated, In addition to this, tho 1 watt output if extracted 
by a ccounlor whose ke is 1/3, will have 1/9 watt reflected which mst be 
absorbed in the added loss if oscillations are to be prevented, In the 
divided helix, (assuming 17 db of gain in each section) since tho signal 
svarted at .OCL nett it will be ata ,050 watt lovel at the firct terming= 
tion. In the cecond helix the 1/9 watt mt be dissipated. It is quite 
enparent that this dissipation 1s materially less than .75 watt, 

On the third point, little conerote can be said concerning the varia- 


ion in measured ccld loss. If 30 db of isolation between sections is 


cr 


cufficiems, it Little mitters if the final manufacturing processes change 

the moasured Loss from 60 db to 31 db or to 80 db, Little effect on por 

formance chouid be noticed. this ig not the case in the conventional tube 

where Losece directly affoct output gain. 

| (21 

2.  Uxperinentel data, 
&, ihe experimental work of this problem was dons entirely on helicos 


dosicnsd to snecifications of Ta «1.5, = 1260 volts. 
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Therefore, ™ 
a 
Yoo 3) 


ye BOG Pa a os ,0703¢ 





this v doos not take into account the decrease dus to praamity of glast. 
Experiences has indicated that with an average clearance fit of glass on 
helix that v glass present 0 01 5Ve 

Henes v (desien to allow for glass present) = ,0937 0 or c «10.65 ¥ 


A ee ey ae , 
Qs a” = 022), Ole 
e 273x110 
meen diamater « tf pie wm 4176" 
circumferences = tin « axiel distances 
Cc Vv 


T ral Vv e Ly 
———- exial distanes between tizns 


TelL76 X ol25 = 0695" 

turns per inch @ U4 
The exporimontcl helices wore wound Li, turns per inch because fractional 
turns pearing was not available on the lathe. 

b, ‘Termination preblem, 

The problem of properly terminating a helix begins with the input ent 
output mtching counlers. If perfect matching courlers could be devised, 
the oscillation prohlem would now exist, For comparison, generally the 
merits of a counler are stated not ag the coefficient of reflection but 
rather as the standing wave ratio measured on a standard 51.5 ohm clotted 
ling at the coaxcial line to coupler junction, At ths present state of 
the art, couplers which give 21.3 SiR over a Pfroaucncy band of 200 mega] 
cycles centered at 1000 mgacycles cen be cenctructed. Likewise counLlors 


can bo built which match with « 1.7 SiR over a band of 2000 mgacycles at 
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& center Irequencyy of 3000 megacycles. in gencral, the hichor the center 
frequency, tho poorer the best ettiainable match, 

The type counlers used in this work are show in figure a4V, At first 
the stub was 1 1/26" longs, slightly creator than a quarter wevelencth at 
cntor frequency. The molybdenum slecve and iverior of the stub ey be 
considered a coetial tranomissicn linc. Thus the open circuit at (B) 
appears as a chort circuit at (A), Likowise, the larce area of the maly~ 
baéenun cylinder appears as a large caracitance acting as a low impodgance 
vr. £. bypace for signal frequencies. thus, the cylinder is anchored to 
whe coupler and fixes one eni of the pick up entonna so that it my be fod, 
Tt was found that by reducing the stub lensth to 3/4" and using a tapered 
glocvs Length of 3/4", bottier results could bo obtained. Tho couplers 
were tuned by use of a freaucncy swept Klystron oscillator with a directicne 
al, coucler and scope presentation of frequency va refleotion mammitude. This 
was rapid ana enabled the best compromise overall mitch. 

Now the main problem of terminating the interruption in the helix will 
be discussed. There are at least three possibilitics: 

(1) The helix my be terminated in a spiral similar to a helical 
antenna which uny be encased in the glass envolope. 

(2) The helix wire my bo brought out through the envelope at scm 
locaticn along the tubs, Ry proper impedance matching technicues and cor= 
rect restraining configuration, it may be comnocted inte dissipstive 
Load. 

(3) Tha helix may be wound back upon itself sinilar to a coupled 


halin and tho Loss incorporated in the beck wound helix, 


os 





this paper will bo restricted to experimental work dene on (1). 

Inveoticction reveled that (2) had already been undertzkeon with none 
too succesoful remits. (3) is on extention of (1), heving more diffi- 
cult restraining problems than (1) plus the coupled helicog principle. 
it appeared that (1) would be more simlo than (3). | 

The construction of tho helices was done in the conventional mamor, 
by winding on a mandrel in a mchine latho. The mandrel wes incertod into 
a cone at ono end, The come hed a thread machined on it. A variety of 
types of wire, tungsten, coppernlated tungeten, and molytdenun in .020" 
and .030", wes used. Wearly all helices were eventually wound fron 
molybdenmun, It Lacked the rigidity of tungsten but also was not nearly 
so brittle, Tungston was highly dssirable from a point of view of re= 
taining exact shape. However, tho helix and spiral was first wound and 
fired to set; then the spiral was pressed and fired again to set flat; then 
if the spiral was irregular, it was fitted into a flet threaded steol form 
ard fired for a third tims. Attempts to canhine the second and third 
operations with tungsten Feiled due to spring qualities preventing it fren 
boing comoressed into the face nlato thread. The rereated firings mado 
the tungsten so brittle it precluded the possibility of its use. 

Tne first chéck mds was to seo if the cone shaped spiral, prior to 
being precsed, would censtrain the wave and if it could be Loaded as a 


dissipative termination, This wes a sinnle, less difficult configura~ 


3 


Ta 


tion than the flct spiral. It believed any results would be applicatle 


4 
ea 


to the flat spiral with certain reservations ani modifications, A15° 
central ancics cone with 9 turns per inch (measured along the axis) 2 inches. 
Leng was first tested, 
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1% might be woll at thic point to describs the set-up for msasur= 
ing SAR alone the helix, This was to serve as a criterion of how well the 
helix was texminatcd. Ths conunler was secured in a enlit brass pipe of 
1 3/i,° diameter by a hose clemp which could be leesoned to enable ad- 
justing Tor & match. The belled end of the glass envelope wes hald firm- 
iy by & teflon diak witch wes clauped in the brass chell. The entire shell 
was clamred to a 3/8" flat sheet of metal which was very rigid. Mounted 
on the motel gheet was @ carriase which had a distances scale calibrated 
an comtimeters. The carviage heighs was adjustable by four screws so it 
could bs Leveled up and the attachsd pick-up probe cet at a desired 
distance from the glass envelope. 

Tao SUR woasurenent along the helix was quite a difficult preblen. 
Pesically, & single slow wave traverses the helix. Novwevaer, on esson=- 


wi) 


tially unguided free speco wave is present also. The latter may bs ro- 


N. 


woed to a very small amplitude by appropriate Launching and care in tere 
minating the spiral weaves. fx:othor way of eliminating the "fest" weve is 
by placing the nelix inside a pipe too small to support other wevoguide type 


motte. In this cass it would hove msant ea pipe 1/2" in diameter. However, 


tte 
cr 


wound have been necessary to split tho pipe to onehle the introduction 

of a probe, Appropriste leunching was tried. Care in terminating the spiral 
yares way only pessihle when the spiral was a good match. When the spiral 
oroperLy terminated the helix, a smal, SUR wis observed which was regular 
Glong the helix. When it did not, a very irregular wave ves observed. This 


e 4 
f 


could be 2bbrd 


‘ 


mibed to the presencu of a "fast" wava, parasitic modes, and 


s 2 


miltinie partiel reflections. it was found thet a very small leop nrobe 





worked best. It picked up the desired wave and largely excluded the ue 
desirable. i round circuler prebe wiich campletely encireled the helix 


envelore was partially successful. A vointed probe was constructed; also 


aa 


hiclded factoryemanufactured point probe with a tuning stub was tried 


> 
© 


but. finslly only the small. loop was used for the bulk of the measure=- 


cr 


ronts,. Jt was also found that the closer to the glass envelope the probe 


desired wave 
ndesixed waves 








was placed, the better the ratio of e &t first approach 
it would soem that the best macwranonts would be at the edge of tho fields 
so ag not to distort the linas of forco, However, the dosired wave was 
found to decrease in strength in en exponential manner where as the para= 
sitics decreased linearly. in general ‘ ths comlex wave pattem problem 
was most wifortumate, Due to the imepgularitiss of consecutive maxima: 
ag] minima when a high STR existed, no definite SiR could be set for a 
given frequoney in ease of SiN1.5., This oliminated the vory valuable 
orocess of comparing high helix Sif's and determining when inprevement in 
termination existed. 

Now a helix with a tapered soiral tormination shaved as removed Tron 


the cone was first tested with no losses vhatsoover incorporated. Three 


isolated feauencies were observed where Low SYR sScisted im the 2000 to 


Then an attenps was made to lead tho spiral. Acuadag wes coated on 
tho outsides of the glass envelope from the helix junction about half way 

+o tho end. Tb mis also naimed on the inside from tne erm of spiral to= 
ward the helix, ovcrlepnpins slightly the coating on the outside. This wes 


mot successful, duo primarily to inability to apply aquedas smoothly with 


3] 





@ brush because tme eqcuenes Gay .wefe Sten tre wrom thickness. LEven= 
tucily, the intoricr esuadag was removed and replaced by five evenly 
spacee longitudinel slabs of mica apprecimtcly 1 1/2" long, .U," wide 
and .00,," thicis. The eprayed aquadag measured 200 chms per square and 
GS placed wlth the unpainted mice cids toward the spiral, It effec- 
tively Loaded the spiral very well. A low SiR, below 1.15 was moasured 
atong the helix from 2,00 mgacycles to 1000 megecyelos. A similar 
helimn with a epiral of 4 turns per inch (along axis) was tested. It 
yiclded a Low Sit along the holix fram 3000 dow to 2800 mogacycles. 


With this representativo infomzmtion in hend, the gpirala wore 


g 


pressed flat and fired to sot. Then to further insure uniformity of the 
epirais, they were fitted into threadsd steel biocks, clamped in place, 


fired. 


D 
b 


liow the helices with flat soiral terminations wore tosted, It was 
ow thet, with very careful leusding, a SiR of 1.15 or under was observed 
m the clusely spaced spiral frau 2000 ragacyeles to 2500 regacycles. 
The acuadag leading had to be extremely thin ani as alose te the spiral 
s poseible, i. ¢., .0005", The required close proximity was indicative 
Shoat with thio tight spiral the ficlds are very closa to the wire. /PFer- 
heps Lf it were pesciale to pot the outer twns in a Lossy ceranic the 
ids ers could have been matchea. On tno vwidsly spaced spiral with loade 
ing a distance of .002" an excellent match with a 1.05 or undor SW on the 
helix was senieved fram 3100 mgacycles to 4000 megacycles. 


threaded] cone was machined for 2 oomprorisce 7 turns per inci 


cc 


A, 
A 


(cxcLolly) end a helix and spiral prepered. Aftor experimenting with tho 





junction botween the helicc and sniral, a suceessful match wes achieved 
fron 200) to 3/00 mgacyclos, cain hovever, the loading was very close 
to tho opiral, It ia further believed that ths real answer to the par= 
tisular pronlem is a 6 turn per inch (acially) 15° come pressed into a 
flav spiral with aquadag loading of 500 chms per square at a distence of 
eOOL" o» closes. 

In passing, a word should be said concerning the junction betreen 
the helix and spiral. Uffert wes made to vary this, keeping a constant 
& and rounding the place tho helix evalyed into a epiral, In tho last 
elémenes produced, good results were obtained by having the last turn of 
the normal helix diameter enter the flat spiral at the normal. pitch and 
vom thence transform into a flat epiral, This is a desirable form since 
vhs miniman helix ceparation is desired to peevent debunching of the 
oc. Iecustion protilen,,¢=? 

Considerakle experimental work was dons in attempting to obtain a 
hich aceres of isolation between the two helices, Previcus measurements 
by ls. Georgo lixther, of Stanford University Ulectronic Research Lebora- 
tory iniicated that a simple severed helix in a gless envelope amst have 
a2 separation of 1/2" te achieve an isolation of 40 db, A similar test 
indicated that if tho glass envelope was expanded at the separation of the 
helices that 1/4" would give 30 db of isolation. 

In tho case with tho spirals facing cach cther,without offoctive 
Llooding, separated by .0055, approximtely 25 db of Isolation was obzervec. 
th3 reason for the nigher than expected figure was due to the helices 


(3) 


noing of Cprosite thread, However, because the spiralis were not metched 
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be. Lovie, enl> 25 Ob a8 ae 2, A copper cirtuLar ditk, woth & 


“A esa = - aa 5 mq oo own Y 40 an >. ° ° he — « =. “es ? a 
Male To perekt pasfage of thd Ulta, wae interposed and welded to the 


annut end. This reculted in 60 db of isolation. lWowever, in the final 


Q 


ages, when the coirals were matched and Loaded, tho isolation measure= 

pat wes recnecked witheut an intervening copper disk. 4A value of 50 
db was obsorwed. This furthor substantiated the contention that the 
enerey was being dissipsted in the terminations, For a ekotch of final 
preduct, ses figs XVI. 

In closing 1% misht be said that no doubt technical difficulties 
nay Sopseyr in the constructicn of this tubs, At present it appears from 
cold masuremnts to show consideraole promise. There are undoubtedly 
now Gifficuities which would arise in e tube with a bean. However, it is 
believed that the princinis is basically sound and indicative of mriting 


cecditionsal resoarch. 
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